Patients affected by protocadherin 19 (PCDH19)-female limited epilepsy (PCDH19-FE) present a remarkable reduction in allopregnanolone blood levels. However, no information is available on other neuroactive steroids and the steroidogenic response to hormonal stimulation. For this reason, we evaluated allopregnanolone, pregnanolone, and pregnenolone sulfate by liquid chromatographic procedures coupled with electrospray tandem mass spectrometry in 12 unrelated patients and 15 agematched controls. We also tested cortisol, estradiol, progesterone, and 17OH-progesterone using standard immunoassays. Apart from estradiol and progesterone, all the considered hormones were evaluated in basal condition and after stimulation with adrenocorticotropic hormone (ACTH). A generalized decrease in blood levels of almost all measured neuroactive steroids was found. When considering sexual development, cortisol and pregnenolone sulfate basal levels were significantly reduced in postpubertal girls affected by PCDH19-FE. Of interest, ACTH administration did not recover pregnenolone sulfate serum levels but restored cortisol to control levels. In prepubertal girls with PCDH19-FE, by challenging adrenal function with ACTH we disclosed defects in the production of cortisol, pregnenolone sulfate, and 17OH-progesterone, which were not apparent in basal condition. These findings point to multiple defects in peripheral steroidogenesis associated with and potentially relevant to PCDH19-FE. Some of these defects could be addressed by stimulating adrenocortical activity.
published evidence pointing to AP as the most potent positive modulator of c-aminobutyric acid receptor A (GABA A ) enhancing both tonic and phasic GABA Adependent inhibitory currents. 3, 4 This biologic activity of AP has been addressed in various seizure and epilepsy models, leading to the suggestion that AP is a neuroprotective, antiepileptic agent. In contrast, sulfated neuroactive steroids such as pregnenolone sulfate (PS) negatively modulate GABA A -mediated inhibitory currents, thereby promoting seizures. 5, 6 Recently, it has been found that girls with mutations in the protocadherin 19 (PCDH19) gene, known to cause female-limited epilepsy (PCDH19-FE), have significantly reduced levels of AP in their blood. 7 In agreement with this result, AKR1C1-3 genes were dysregulated in the PCDH19-FE girls 7 and were likely responsible for the AP deficiency. These genes have multiple other activities in the synthesis of a broad range of steroids, and it is plausible that the PCDH19-FE patients are deficient for a range of neuroactive steroids. This observation led us to postulate that the remarkable deficit of production of AP and other neurosteroids could be responsible for an imbalance in the ratio of anticonvulsant and proconvulsant hormones, so to favor the occurrence of recurrent, difficult to treat seizures in PCDH19-FE patients.
To address these important issues, we aimed to investigate the production of a variety of neuroactive steroids in the PCDH19-FE patients. In particular, we replicate AP deficiency, and further the study into other neuroactive steroids such as PS, pregnanolone, progesterone, 17OH-progesterone, and cortisol, both at the basal level as well as after stimulation with adrenocorticotropic hormone (ACTH).
Methods

Experimental design
PCDH19-FE group
We prospectively enrolled 12 unrelated patients affected by PCDH19-FE from April 2014 to May 2015. Genetic report assessing PCDH19 gene mutations was available for all patients. The age of PCDH19-FE patients was 8.3 AE (standard error of the mean) 5.7 years (range 2.5-18.9). Other than epilepsy, six patients had intellectual disability. Relevant clinical details of all patients studied are reported in Table S1 .
Clinical control group
The controls (n = 15) were a group of individuals evaluated for adrenogenital syndrome within the same period. All controls were age-matched females (9.2 AE 4.0 years; range 6.1-17.9) with a normal cognitive profile. Nine of these individuals received a diagnosis of praecox puberty and six of hyperandrogenism, but their hormonal profile was completely within the normal range (Table S2) .
Treatment
Blood samples of the PCDH19-FE patients and controls were obtained twice. First at 9 a.m., which represented the basal levels (T 0 ), and second at 60 min (T 1 ) after a bolus of 0.25 mg of ACTH delivered intravenously. For postpubertal patients, the test was performed from the fifth to the ninth days of the menstrual cycle, to minimize hormonal variations. No seizure was observed in the 48 h preceding the test, or during the test. Blood samples were maintained at room temperature for 30 min and then centrifuged at 27,627 g for 10 min to collect sera, which were then stored at À80°C. Standard immunoassays were used to test for estradiol, progesterone, 17OH-progesterone, and cortisol levels. After that, the samples were shipped on dry ice from the Bambino Ges u Children's Hospital in Rome to the Laboratory of Experimental Epileptology in Modena for analytic determination of the AP, PS, and pregnanolone levels.
The research protocol applied was approved by the Bambino Ges u Hospital Institutional Review Board according to the local regulations. Informed written consent was obtained from all studied subjects or their relatives.
Quantitative analysis of AP, PS, and pregnanolone in serum by liquid chromatography-electrospray tandem mass spectrometry (LC-MS/MS)
Chemicals and reagents
Allopregnanolone and PS standards were purchased from Sigma (St. Louis, MO, U.S.A.). Internal standards with isotope labeling were the following: 5a-pregnan-3a-ol-20-one-17a,21,21,21-d4 (AP-D4) and sodium pregnenolone17a,21,21,21-d4 sulfate (PS-D4), purchased from CDN Isotopes (QC, Canada). All solvents for high-performance liquid chromatography/electrospray ionization tandem mass spectrometry (HPLC/ESI-MS/MS) were liquid chromatography-mass spectrometry (LC-MS) purity grade, whereas other solvents used for sample preparation were analytical grade (Sigma-Fluka, St. Louis, MO, U.S.A.).
LC-MS/MS analysis
The chromatographic separation was performed on an Agilent 1200 Series Binary Pump (Agilent, Waldbronn, Germany). Mass spectrometric detection was performed using an Agilent QQQ-MS/MS (6410B) triple quadrupole mass analyzer equipped with an ESI ion source (Agilent), operating in the positive mode, as described previously. 8 
Statistics
Data were compared using a repeated-measures threeway analysis of variance (ANOVA), considering as factors the time interval, sexual maturation, and disease; groups were compared with post hoc Holm-S ıd ak test. The only exception to this design was for estradiol and progesterone, which were analyzed at T 0 with the Student's t-test. All statistical analyses were carried out using SigmaPlot 11 (Systat Software, San Jose, CA, U.S.A.). Data are presented as mean AE standard error of the mean (SEM), and were regarded significantly different at p < 0.05.
Results
Consistent with our previous findings, 8 chromatographic assessment of AP, PS, and pregnanolone allowed detection of these analytes in all samples (see Fig. S1A , in which typical AP peaks follow pregnanolone peaks and are indicated by an arrow, and Fig. S1B showing isolated PS peaks). These neuroactive steroids were quantified along with hormones measured by standard immunoassays, for which in some cases it was not possible to obtain consistent results. For this reason, estradiol and progesterone were analyzed in only the PCDH19-FE postpubertal group (n = 4) in basal condition and compared to controls (n = 5).
Although no statistically significant differences were found for estradiol (not shown), progesterone was lower in PCDH19-FE girls (0.355 AE 0.083 vs. 0.740 AE 0.115 in controls; p < 0.05, Student's t-test). For the other hormones, a complete set of data was available and a main effect of puberty was evident for AP (p < 0.05, three-way ANOVA) and PS (p < 0.01). In the case of PS, a significant (p < 0.05) interaction between puberty and disease was also found. At variance, cortisol levels were not influenced by puberty and a trend was found for 17OH-progesterone (p = 0.07) only, but for this latter hormone, the interaction between puberty and ACTH administration was significant (p < 0.05). Main effects of disease were present for AP, PS, 17OH-progesterone, and cortisol (p < 0.001 for all of them), whereas the effect of ACTH administration was significant (p < 0.001) for PS, 17OH-progesterone, and cortisol but not for AP. No differences were observed for pregnanolone (not shown).
The multiple comparison test showed interesting differences in the two subgroups of prepubertal (Table 1) and postpubertal girls (Table 2) . Specifically, in prepubertal girls, no statistically significant differences were evident in the basal condition for the investigated hormones. However, when considering the results of adrenocortical stimulation, the increases in PS and cortisol levels were more sustained in controls (see Table 1 , T 1 in controls vs. T 1 in PCDH19-FE). In addition, ACTH did not induce significant changes in PS levels, whereas it elevated this same steroid in the control group (p < 0.001, Holm-S ıd ak test; see Table 1 , T 0 vs. T 1 in controls). Although 17OH-progesterone and cortisol were significantly increased by ACTH administration in both groups, the stimulated cortisol levels in PCDH19-FE girls were lower than in controls (p < 0.05, see T 1 vs. T 1 in Table 1 ).
In postpubertal girls, differences in PS and cortisol serum levels were observed also in absence of adrenocortical stimulation (p < 0.01 for PS; p < 0.05 for cortisol, see T 0 vs. T 0 in Table 2 ). Following ACTH, PS increased significantly in controls (p < 0.01, Holm-S ıd ak test), but not in PCDH19-FE girls (p < 0.001, see T 1 vs. T 1 in Table 2 ). As expected, cortisol increased in both subgroups and, this time, in the same manner (Table 2) . No effects of ACTH administration were observed for AP and 17OH-progesterone.
Discussion
We aimed to investigate neuroactive steroids in PCDH19-FE patients, at baseline as well as after stimulation of adrenal steroidogenesis. We found that AP levels were reduced, both at baseline as well as after stimulation with ACTH, thus confirming the previous findings 7 and suggesting that PCDH19-FE patients present a reduced ability to synthesize AP. We determined that this defect was not Table 1 . Determination of hormonal serum levels (ng/ml) for allopregnanolone (AP), pregnenolone sulfate (PS), 17OH-progesterone (17P), and cortisol (Cort), in prepubertal patients affected by protocadherin 19 mutation associated with female-limited epilepsy (PCDH19-FE) and their respective controls, investigated for presumptive adrenogenital syndrome but found to be healthy Hormonal levels were determined in basal condition (T 0 ) or 60 min (T 1 ) after adrenocorticotropic hormone (ACTH) administration. Statistical analysis was performed with a repeated-measure three-way analysis of variance (factors: disease, ACTH administration, puberty) followed by Holm-S ıd ak test. Few samples were missing for technical reasons. NS, not significant. limited to AP, but involved other neuroactive steroids, such as PS, 17OH-progesterone, progesterone, and cortisol. Overall, our investigations provide evidence for a significantly compromised ability to synthesize various neuroactive steroids in PCDH19-FE.
The finding of reduced PS levels is, however, against our initial hypothesis of a possible imbalance in the AP/PS ratio leading to seizure facilitation in PCDH19-FE. Surprisingly, PS production was reduced even more than that of AP. This left open an important question of whether and how these neuroactive steroids play a role in the seizures observed in patients with PCDH19-FE. Although the role of PS in the human brain has still to be clearly defined, 9 a few cases of successful use of allopregnanolone for the treatment of status epilepticus in children suggests that AP potently modulates seizures. 10 Thus it can be hypothesized that a therapeutic approach aimed at restoring steroidogenesis in patients affected by PCDH19-FE could result in beneficial effects. Of interest, such a goal could be partially attained by administering ACTH. Indeed, corticosteroid administration has been reported to be efficacious in some pilot studies of PCDH19-FE. 11, 12 Restoring adrenal steroidogenesis in patients affected by PCDH19-FE can be beneficial for the expected increase in cortisol production that we found to occur in postpubertal PCDH19-FE girls. It is a common observation that exposure to stress may facilitate the occurrence of seizures, especially in patients affected by epilepsy. 13 It has recently been shown that patients who present an association between acute stress and seizures are characterized by reduced adrenal response when compared to those less sensitive to stress.
14 Thus, a reduced capability to produce cortisol apparently results in enhanced seizure susceptibility to environmental challenges. Although studies on the adrenal response to acute stress in patients with PCDH19-FE are lacking, the observed response to ACTH in prepubertal PCDH19-FE girls suggests that also this type of epilepsy may be aggravated by exposure to stressors, thus indicating that attainment of a normal adrenocortical function could be a therapeutic goal in this condition.
A limitation of this study was the small sample size. However, we found multiple, striking differences between the two groups, even when considering sexual development, and also in agreement with previously published work on a separate PCDH19-FE cohort. 7 A second limitation of the study is the controls: we enrolled only individuals who underwent ACTH stimulation, thus reducing the size of control group. Elevated AP levels have been reported in patients affected by disorders of sexual development, such as in the case of precocious puberty. 15 For this reason, we could have overestimated the deficit in AP production occurring in our PCDH19-FE patients. On the other hand, we also found that adrenal PS production did not completely recover after ACTH stimulation, suggesting a reduced capacity for hormonal synthesis in the PCDH19-FE in the first instance. In addition, cortisol levels were also different in the two considered groups, definitely indicating that steroidogenesis was dysfunctional in at least the adrenal glands of patients with PCDH19-FE.
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Additional Supporting Information may be found in the online version of this article: Table S1 . Clinical, electrophysiologic, and genetic features of patients with PCDH19-female limited epilepsy. Table S2 . Age and hypothesized pathologic disorder illustrated for each subject enrolled in the control group. Figure S1 . Allopregnanolone, pregnanolone, and pregnenolone sulfate chromatograms.
